Recent Electric Arc Furnaces are equipped with ultra high power transformers to provide maximum values of electric power and minimize the melting time. The active power is increased by increasing arc length and arc voltage, however in these conditions energy losses due to radiation can also be increased with a consequent decrease in thermal efficiency. The energy radiated from the electric arcs is transferred to the walls inside the EAF promoting hot spots which represent a catastrophic operational condition. This work reports a radiation model which describes the formation of hot spots as a function of arc length and foamy slag height in an industrial EAF of 210 ton. of nominal capacity. Temperature profiles on the surface of the water cooled panels and values for the incident radiation were computed as a function of foamy slag height, used subsequently to define conditions to eliminate the formation of hot spots.
Introduction
The Electric Arc Furnace (EAF) has evolved into a melting reactor. The faster it melts results in higher productivity. In order to increase the melting rate it is mandatory to increase the arc length. Previously, this practice was prohibited because of the damage of the refractory walls and a restriction to sustain high temperatures, therefore a short arc operation was the common practice. With the development of water cooled panels (WCP) it was possible to sustain higher temperatures and work with longer arcs at the expense of a lower thermal efficiency of the EAF. In the late 1980's the promotion of foamy slags allowed to increase both arc length and thermal efficiency.
Hot spots formation is due to the concentration of incident radiation in several parts of the furnace, typically in some regions of the shell. Hot spots are potentially dangerous because its formation leads to sudden perforations of the WCP which may create catastrophic situations. Once a WCP is perforated, the leakage of water above the molten bath provides conditions for an explosion. New furnaces are designed with temperature sensors in each WCP, however it is common to observe in steel plants that a wrong maintenance practice leaves this system out of operation. More commonly, the furnace operator relies on its own experience to detect the formation of hot spots. A critical assessment of this phenomenon has not been reported before.
Jones et al. 1) summarized the influence of the main process parameters on panel life: (i) The optimum pipe thickness results from a trade off between mechanical strength to withstand high mechanical loads, which require a large thickness and that for maximization of heat transfer to the cooling water, which requires a small thickness. A typical thickness ranges from 8-10 mm. (ii) Boiler tube grade or copper is used for WCP. Steel withstands thermal loads up to 7 million kJm -2 h -1 and copper up to 21 million kJm -2 h -1 . Copper panels are only used in those areas subjected to excessive heat loads. (iii) Low water velocities could promote steam generation and then a sharp decrease in heat transfers occurs. Water velocity ranges from 1.2-2.5 ms -1 . Fins are welded to WCP to promote the formation of a slag layer of larger thickness. Due to the lower thermal conductivity of slags, about 1.2 Wm , in comparison with 15 Wm -1 K -1 for steel, it serves to reduce the thermal load. The thickness of this layer can vary from 2-5 cm.
Reynolds 2) reported a radiation model developed for smelting electric arc furnaces. This model suggests that radiation from the molten bath surface is the principal source of energy loss and not the plasma arc column. Several model parameters were evaluated, for instance, it was found that as the surface emissivity of the refractory drops the surface temperatures in all regions also drop.
Guo and Irons 3, 4) have reported a radiation model applied to the EAF. In this work they reported the amount of incident energy to different parts of the furnace, including WCP, slag line and liquid slag. Their work was used to validate the present mathematical model.
The objective of this work is to develop a mathematical model capable to describe the effect of foamy slag height on hot spots formation which is quantified based on the magnitude of incident radiation and temperature profiles of the inner surfaces of the EAF. © 2012 ISIJ
Mathematical Modelling
In order to define the amount of energy radiated from the electrodes and its subsequent distribution into the furnace it is required the development of two models, one model should be able to describe the total amount of energy radiated from the arcs and the second one is the distribution of this energy as a function of the height of the foamy slag. These models are described in this section.
Arc Model
Currently, there are two different approaches to investigate alternate-current (AC) arcs: The Magneto-Fluidynamic Model (MFD) and the Channel Arc Model (CAM). The first model is more complete because it computes velocity, pressure and temperature profiles in the arc region, however if the main purpose is to compute arc temperature, arc radius and instantaneous power, the second model is better due to its simplicity. CAM has been improved by Larsen and Bakken [5] [6] [7] [8] [9] [10] and full details of this model are given elsewhere. 11) In the following paragraphs, a short description is presented.
In a DC arc, voltage and current are constant, contrary to AC arcs. One of the basis of CAM is that AC arcs tend to achieve the steady state conditions of DC arcs, additionally CAM assumes the shape of the arc is a cylinder of uniform temperature with only three modes of energy dissipation: radiation, convection and electron flow. The equations employed to compute power delivery due to radiation, electron flow and convection are given below: Two parameters which are provided by CAM are the total amount of radiant energy and arc radius. For a standard case using the maximum tap at 1 210 volts and a large arc of 45 cm, the Channel Arc Model previously reported 11) predicts a total power delivery of 120.6 MW, from this amount 30.3 MW correspond to energy transferred by radiation, which represents 25% of the total energy. Table 1 summarizes the energy distribution predicted by the Channel Arc Model. These values are used subsequently in the radiation model.
Radiation Model of Discrete Ordinates (DO)
The Computational FluiDynamics (CFD) code FLUENT version 6.2.16 was used to develop the radiation model. This code includes four radiation models. The selection of the radiation model of discrete ordinates (DO) was made due to the following advantages: 12, 13) it can analyze a broad range of optical thicknesses, emissivity and dispersion is taken into account, and more important is its capability to work with localized sources of heating.
The computational domain includes only the gas phase above the liquid bath and the inner walls of the furnace interior affected by radiation. The bath surface (slag surface) is the bottom boundary of the computational domain. This domain does not include the slag phase directly, although its height is involved in the model according with the strategy employed to describe the extent of radiation as a function of the slag height.
All computations were carried out at steady state due to the following conditions: Heat flow due to radiation from the plasmas is constant for each case of slag height, constant heat flow extraction from all the surfaces affected by the radiation model and a flat slag surface.
Assumptions:
• Radiation among gray surfaces.
• Air is the gas phase.
• No chemical reactions in the gaseous phase.
• The slag surface is flat.
• There is radiation from the walls, roof and slag surface.
• Steady state. The term on the left side represents energy transport due to convection. On the right side, the first term represents energy transport due to conduction. The second term involves the generation of heat due to chemical reactions or any other thermal source. Heat transfer by radiation is included in this term.
The radiation model of Discrete Ordinates (DO) requires the absorption coefficient (a) to be known a priori and solves the radiative transfer equation over a domain of discrete solid angles. The Radiation Transport Equation (RTE) is given by the following equation: The previous equation represents an energy balance on radiation intensity for a number of directions ( ) and positions ( ) in the angular space 4π, which results from its discretization in a number (Nθ × NΦ) of solid angles. The first term on the left side represent the change in radiation intensity (Iin) with respect to position ( ) in the direction ( ), also called incident radiation or irradiation. The second term on the left side represents losses due to absorption and deviation due to the medium. The first term on the right side is the emission of the gas and the last term refers to the scattering addition term which adds radiation from other directions but deviated in the directions of the energy balances. Equation (7a) can be simplified if the medium considered is air because gases with symmetric structures like oxygen and nitrogen are diathermal which implies that their emissive and absorption capacity is negligible. For air, the absorption coefficient, optical thickness and scattering coefficient are all zero and the refractive index is close to the unity. Based on this assumption, Eq. (7a) becomes:
In the present radiation model, all surfaces have been considered gray surfaces to differentiate from an opaque surface which do not allows radiation heat transfer through the walls. In addition to this it is also considered that all the reflected radiation is in a diffusive way. This means that a beam's direction once it leaves the surface is independent of its direction of incidence upon the surface. In this condition the diffusive fraction, fd, is unity. Radiosity represents the total radiation intensity leaving a surface. It is represented by two terms; the radiation emitted by the surface and the radiation reflected in a diffusive way . One feature of the DO model is that does not involve view factors. A view factor represents a geometric attenuation of radiative exchange occurring between a pair of surfaces due to their relative orientation and shape.
Turbulence model k-εk:
The turbulent kinetic energy (k) and its dissipation rate Thermal conductivities and emissivities employed in the model for different surfaces are shown in Table 2 .
Boundary conditions:
The boundary conditions in this problem represent measured and computed values for the thermal state of those materials exposed to radiation from the electric arcs: water cooled panels (shell-balcony, roof and 4 th hole), refractories (slag line and delta), gas phase inside the furnace (air inlet from slag door and gas released from the bath) as well as the temperature of the electrodes.
(i) Water cooled panels: In order to measure the amount of heat extracted from the water cooled panels it was necessary to measure the inlet and outlet temperatures of water cooling. Those measurements were not made individually but globally for the shell-balcony, roof and 4 th hole (gas outlet). The thermodynamic properties for water correspond to those for a saturated liquid instead of those for a compressed liquid due to the lack of information. The properties for a saturated liquid consider that liquids are virtually incompressible, however this is not the case for the enthalpy. The following equation has been suggested to include the effect of pressure on enthalpy. 16) ................. (11) The results are shown in Table 3 . According with those results the heat flux extracted by the water cooled panels from the shell-balcony corresponds to 80 kw/m 2 , equal to the 4 th hole and that for the roof is 118 kw/m 2 . (ii) Refractories: The heat flux for the slag line and delta was computed applying the heat conduction equation for a composite wall. The thicknesses of the working refractory, safety refractory and steel plate are 350 mm, 76 mm and 32 mm, respectively. It was estimated that the inner surface of the refractory is at 1 300 K. With the properties reported in Table 4 , the heat fluxes through the refractory of the slag line and delta are estimated approximately at 8.9 kW/m 2 , each one.
(iii) Gas phase inside the furnace: The gas phase inside s r r s 
the furnace is comprised of two components, one of them is the gas released from the molten bath and the second one is the air inlet from the slag door. The amount of gas released from the molten metal is mainly due to the decarburization reaction (CO) which is partially combusted to CO2 in contact with air. The gas flow rate generated was estimated based on a previous thermodynamic model 14) which reported a value of 3.383 kg/s. In order to facilitate the analysis in the radiation model, the gas produced was assumed to be pure air at 1 950°K. The amount of air entering from the slag door is initially unknown, however with the pressure differences (at the slag door, furnace interior and outlet pressure at the 4 th hole) it can be computed. The pressure inside the furnace and slag door is atmospheric (101.325 kPa) and the outlet pressure at the 4 th hole, measured with a pitot tube was 6 mm H2O equivalent to 58.8 Pa.
The main contribution to radiation is due to the solid or liquid surfaces and the gas participates to a lower extent in the radiation exchange and therefore the real gas composition would not affect to a large extent the estimated values of both the incident radiation and temperature fields assuming pure air.
(iv) Temperature at the surface of the electrodes: The temperature at the surface of the electrodes was taken from the model reported by Guo and Irons 3, 4) for an electrode of 610 mm with an operating current of 61.5 kA. The actual values of the furnace of the current model are 711 mm and 85 kA, respectively. Figure 1 shows the temperature profile in the axial direction.
Results and Analysis
The computational domain corresponds to an industrial Electric Arc Furnace of 210 tons. of nominal capacity. A mesh sensibility analysis in the computational domain was carried out using a mesh range from 20-160 thousand nodes. It was found that the results were kept constant with a mesh size of 72 604 nodes. This was the mesh size employed in the computations. Figures 2 and 3 display the computational domain. Figure 2 displays the three plasmas. The rectangular shaded region corresponds to the slag door. The electrode closest to the slag door is named phase 1. Figure 3 includes the remaining surfaces involved in the radiation model; shell, balcony, roof, delta and 4 th hole. In order to evaluate the influence of foamy slag height on hot spots formation it was needed to define a criterion to represent slag depth in the radiation model. The Channel Arc Model (CAM) predicts an arc radius of 5.96 cm, then if an arc length of 45 cm is used it yields a surface area per plasma of 0.1685 m 2 and a total surface area of 0.5 m 2 for the three plasmas. Previously it was indicated that CAM also predicts the fraction of energy radiated from the plasmas, corresponding to 30.33 MW. This energy can be lost completely if the plasma is not covered, but on the other hand, it can be fully recovered to heat the liquid phases underneath the three plasmas if the slag height is 45 cm. Using this criterion, it was defined the fraction of energy radiated as a function of slag height, as reported in Table 5 .
Model Validation
It is highly complicated to take actual measurements on incident radiation in a real process. This situation motivated to compare our model with a similar one developed by Guo and Irons. 3, 4) These authors reported the energy absorbed by different parts of the furnace exposed to the arcs as a func- tion of the foamy slag height. Figure 4 shows the results using the model developed in this work for the conditions employed in the work of Guo and Irons (P = 98 MW, l = 45.2 cm). The agreement with the results reported by those authors is quite good with only minor differences in spite of the large differences in radiated energy. Guo and Irons assumed 80% of energy radiated. In this work the computed energy radiated was only 25%. This value resulted for the following conditions: arc length of 45 cm, tap voltage of 1 210 V and 120 MW of active power. Both models predict a sharp decline in heat radiated to the slag when the slag height increases. The main difference is that in Guo and Irons model it is observed a large increase in heat absorbed by the side panels as the slag height decreases, which is correct, however in the current model this effect is less pronounced.
Hot Spots Formation and Incident Radiation
The formation of hot spots mainly occurs in the shell. This is because the shell is the solid surface closest to the electric arcs. The triangular design of the pitch circle creates a geometry which naturally defines the formation of 927°C). This temperature would immediately lead to perforation of the WCP. It is observed that the magnitude of the incident radiation decreases and becomes uniform all over the shell until the fraction of plasma coverage is increased above 75% (i.e. 33.75 cm). When this condition is reached the average incident radiation is decreased to approximately 2.0 MW/m 2 . The presence of hot spots is clearly observed when that fraction is below 50%, which corresponds to approximately 3.0 MW/m 2 in incident radiation.
The formation of hot spots is best visualized in terms of temperatures. Taking into account that boiler tube grade A steel is used to manufacture the WCP, the maximum temperature to avoid hot spots is in the order of 1 800°K (1 530°C). This temperature serves as a reference to measure the formation of hot spots. It is quite clear, from Fig. 6 that hot spots are present when the slag height covers 50% of the arc length. The current model does not include the coating of slag layer on WCP, however, it is anticipated that this coating would help to reduce the effect of radiation on hot spots formation. Figure 7 describes hot spots formation for phase 1. Table  6 completes such description. In this table, it is shown the size of the hot spot, the incident radiation and hot spot temperature as a function of slag height. These results clearly indicate that in order to keep under control hot spot formation in a metallurgical practice with long arc operation (45 cm) the foamy slag must cover at least 75% of the height. If the slag height is equal or less than 50%, hot spot formation is unavoidable. In terms of incident radiation, it should be kept lower than 2.07 MW/m 2 in order to prevent hot spot formation.
In Figs. 5 and 6 it is observed the formation of hot spots on the shell adjacent to the balcony. This result represents what could happen if the EAF were melting scrap, however, in the case of continuous charging of Direct Reduced Iron (DRI), the stream of DRI falling into the EAF creates a wall which receives the heat directed towards that zone maintaining low temperatures and removing the formation of those hot spots. Table 7 . Incident radiation and average temperatures for roof and delta as a function of slag height. Table 7 summarizes the magnitude of the incident radiation as well as temperatures of the roof and delta sections of the furnace for two opposite conditions, a bare steel surface and fully covered arcs with foamy slag. From these results it is observed that foamy slag decreases the incident radiation from 2.6 to 1.6 MW/m 2 and also decreases the temperature of both delta and WCP. Figure 8 displays the temperature profiles of the roof, delta and 4 th hole. It is observed that for conditions of full arc coverage the average temperature of the water cooled panels is 1 127°C and that for the delta section is 1 487°C, on the opposite extreme, for arcs fully uncovered, temperature increases to 1 527 and 1 647°C, respectively, which represents a temperature increment of 400°C and 160°C, for WCP and delta, respectively. Figures 9 and 10 define the relationship between foamy slag height and the magnitude of both average incident radiation and average temperature on the water cooled panels of the shell and roof. It is clearly observed that as the slag height increases, both incident radiation and temperatures on the inner surfaces decreases.
(iii) Slag surface: The slag surface receives the largest amount of incident radiation because of its direct contact with the arcs. Table 8 shows the magnitude of the incident radiation. The magnitude of the maximum values of incident radiation are quite large, 43-45 MW/m 2 , however this occurs in the small regions in contact with the arcs and at a short distance abruptly falls. The magnitude of the maximum incident radiation remains almost constant, independently of slag height, because of the nature of the arc and the exponential decay in temperature at short distances from the center of the plasma. On the other hand, the average incident radiation linearly decreases with slag height. Figure 11 shows the incident radiation on the slag surface as a function of slag height. The average values decrease from 5.3 MW/m 2 for the bare surface to 2.5 MW/m 2 for the arcs fully covered. The large difference between the maximum and average values is because the region with maximum radiation intensity occurs only in a small area around the electrodes which is small in comparison with the total slag surface area (the arc radius is approximately 6 cm). In Fig. 11 the scale of colors was limited to a maximum of 15 MW/m 2 for all cases in order to have a better visualization of the total slag surface area. For a slag height of 45 cm the plasmas are fully submerged and those regions do not receive radiation. As the slag height decreases the values in radiation intensity increases. A white color means that the actual values are above the current scale which explains the white color in the region of the electrodes. Using a larger scale, up to 47 MW/m 2 , would affect a proper visualization of the slag surface.
It is to be noted that the current model is unable to predict the temperature profiles on the slag surface because of an imposed boundary condition. Table 9 summarizes energy losses in the EAF through all the WCP for the extreme conditions of a bare surface. In total, 10% of the energy radiated by the arcs is lost by the WCP. The refractory from the slag line also receives radiant energy from the arcs, however due to their insulating properties the energy lost is negligible. Figure 12 summarizes the magnitude of the incident radiation on different parts of the EAF as a function of slag height. In spite that this plot underestimates the case for the bare surface (0 cm slag height) and reports low values of incident radiation, it is clearly observed that the slag surface receives the largest amount of incident radiation of all parts of the furnace. In second place is the refractory of the slag line. When the slag height increases, the incident radiation sharply decreases and for conditions of arcs fully covered, the magnitude of the incident radiation is almost similar for the slag surface and that for the WCP of the shell and refractory of the slag line.
Conclusion
A radiation model capable to describe hot spots formation for an industrial Electric Arc Furnace with long arc operation of 45 cm and a maximum tap voltage of 1 210 volts as a function of foamy slag height has been developed. This model can predict the magnitude of the incident radiation and temperature profiles of the inner surfaces of the EAF. The results of this model indicate the evolution of hot spots formation in terms of size and temperatures of the hot spots. It is evident that hot spots can be suppressed with a metallurgical practice oriented to sustain foamy slag during the melting process.
The thermal efficiency of the electric arc furnace can be increased if the magnitude of incident radiation is decreased with a foamy slag which covers at least 75% of the arcs, equivalent to 2.07 MW/m 2 of incident radiation. If the conditions to suppress hot spots formation are taken into account during the operation of the EAF, up to 25% of the total energy delivered from the power system can be recovered and used for melting purposes. 
